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Abstract

The purpose of this research was to develop a sensitive and reproducible UPLC-MS/MS method
to analyze matrine, an anticancer compound, and to use it to investigate its biopharmaceutical and
pharmacokinetic behaviors in rats. A sensitive and fast UPLC-MS/MS method was successfully
applied to determine matrine in rat plasma, intestinal perfusate, bile, microsomes, and cell
incubation media. The absolute oral bioavailability of matrine is 17.1 £ 5.4% at a dose of 2 mg/kg
matrine. Matrine at 10 pM was shown to have good permeability (42.5 x 1076 cm/s) across the
Caco-2 cell monolayer, and the ratio of Pa_pg to Pg_a Was approximately equal to 1 at two
different concentrations (1 and 10 uM). Perfusion study showed that matrine displayed significant
differences (P < 0.05) in permeability at different intestinal regions. The rank order of
permeability was ileum (highest, P,, = 6.18), followed by colon (P,, = 2.07), duodenum (P, =
0.61) and jejunum (P,y, = 0.52). Rat liver microsome studies showed that CYP and UGTs were not
involved in matrine metabolism. In conclusion, a sensitive and reliable method capable of
measuring matrine in a variety of matrixes was developed and successfully used to determine
absolute oral bioavailability of matrine in rats, transport across Caco-2 cell monolayers, absorption
in rat intestine, and metabolism in rat liver microsomes.
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1. Introduction

Matrine (Fig. 1), an alkaloid purified from the Chinese herb Sophora flavescens Ait
(Chinese Pharmacopoeia 2005), is used as a quality control marker in anti-tumor B mixture.
Anti-tumor B (ATB) is a Chinese traditional medicine, and contains a proprietary mixture of
six plants including Sophora tonkinensis, Polygonum bistorta, Prunella vulgaris, Sonchus
brachyotus, Dictamnus dascycarpus, and Dioscorea bulbifera. Previous clinical studies have
shown significant chemopreventive efficacy of ATB against human esophageal and lung
cancers. A clinical human trial of ATB is under investigation in BC Cancer Agency
(Vancouver, BC, Canada) [1,2]. Matrine itself also has a wide spectrum of pharmacological
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actions including hepatoprotective activity on acetaminophen-induced hepatotoxicity in
mice [3], proapoptotic activity in gastric carcinoma cells [4], and leukemia cells [5].

In order to enhance the development potentials of matrine as a chemopreventative agent,
there is a need to further understand the in vitro and in vivo absorption and clearance
characteristics of matrine. There are several papers on matrine pharmacokinetics studies
using oral administration of matrine alone and as a part of an herbal mixture [6-8]. But
information on matrine’s absolute oral bioavailability and its intestinal absorption
mechanism were not found in the published literatures. Therefore, the purpose of this study
is to (1) develop a sensitive and reliable UPLC-MS/MS method to determine matrine
concentration in different matrixes; (2) study matrine pharmacokinetic behavior in rats; and
(3) investigates the utility of the present method in defining matrine’s biopharmaceutical
characteristics (e.g., absorption/metabolism).

2. Experimental

2.1. Chemicals and reagents

Cloned Caco-2 cells (TC7) cells were a kind gift from Dr. Monique Rousset of INSERM
U178 (Villejuit, France). Matrine, nicotinamide adenine dinucleotide phosphate (NADP),
glucose-6-phosphate sodium (6-DP), glucose-6-phosphate dehydrogenase (6-DPD),
saccharolactone, alamethicin, magnesium chloride, phosphoric acid, Hanks” balanced salt
solution (HBSS; powder form), sodium citrate, potassium phosphate dibasic, testosterone,
rutin, 6p-hydroxytestosterone were purchased from Sigma (St. Louis, MO). Genistein was
purchased from LC laboratories (Woburn, MA). Genistein 7-O-glucuronide was extracted
and separated from rat intestine perfusate sample, and was confirmed by mass spectrometer.
Oral suspension vehicle was obtained from Professional Compounding Centers of America
(Houston, TX). All other materials (typically analytical grade or better) were used as
received.

2.2. Instruments and conditions

An API 3200 Qtrap triple quadrupole mass spectrometer (Applied Biosystem/MDS SCIEX,
Foster City, CA, USA) was used to determine matrine’s concentration in aqueous and
plasma medium by MRM (Multiple Reaction Monitoring) method in the positive ion mode.
The main working parameters for mass spectrum were set as follows: ionspray voltage, 5.5
kV; ion source temperature, 400 °C; gasl, 30 psi; gas2, 40 psi; curtain gas, 10 psi.

Testosterone was used as an internal standard to analysis matrine in plasma, cell culture
medium, intestinal perfusate and bile samples. Conversion of genistein to genistein-7-O-
glucuronide by UGT, and conversion of testosterone to 6-hydroxytestosterone by CYP were
measured and used as positive controls in matrine’s metabolism study. Genistein and
genistein 7-O-glucuronide were determined by MRM method in negative mode. Because
rutin can be determined both in positive and negative mode, it was used as an internal
standard in matrine’s metabolism study as testosterone was used as the substrate for phase |
metabolism via Cytochrome P4503A (or CYP3A). The quantification was performed using
MRM method with the transitions of m/z 249 — m/z 148 for matrine, m/z 289 — m/z 97 for
testosterone (IS), m/z 611 — m/z 303 (positive mode) and m/z 609 — m/z 300 (negative
mode) for rutin (IS), m/z 269 — m/z 133 for genistein, m/z 445 — m/z 269 for genistein 7-O-
glucoronide and m/z 305 — m/z 269 for 6-hydroxytestosterone. The Compound dependent
parameters in MRM mode for matrine and other compounds are summarized in Table 1.

UPLC conditions for analyzing matrine in plasma, HBSS, intestine perfusate, and bile
samples were: system, Waters Acquity™ with diode array detector (DAD); column, Acquity
UPLC BEH C18 column (50 x 2.1 mm I.D., 1.7 um, Waters, Milford, MA, USA); mobile
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phase A, 0.1% formic acid; mobile phase B, 100% acetonitrile; gradient, 0-0.4 min, 0-1%
B, 0.4-0.8 min, 1-5% B, 0.8-1.6 min, 5-40% B, 1.6-2 min, 40-90% B, 2-2.4 min, 90-95%
B, 2.4-3 min, 95% B, 3-3.7 min, 95-0%, 3.7-3.8 min, 0% B; flow rate, 0.45 ml/min;
column temperature, 45 °C; and injection volume, 10 pl.

UPLC conditions for analyzing matrine in microsome samples were: mobile phase A, 0.1%

formic acid; mobile phase B, 100% acetonitrile; gradient, 0-0.4 min, 0-1% B, 0.4-0.8 min,

1-5% B, 0.8-1.6 min, 5-40% B, 1.6-2 min, 40-90% B, 2—2.4 min, 90-95% B, 2.4-2.8 min,
95% B, 2.8-3.4 min, 95-0% B. All the other conditions were the same as the above one.

Mass spectrometer and UPLC conditions for analyzing testosterone, 6p-hydroxytestosterone
and genistein, genistein 7-O-glucuronide in microsome samples were slightly different from
the above method (details not shown since the paper is focused on matrine).

2.3. Pharmacokinetic study in vivo

2.3.1. Animals—Male Sprague—Dawley rats (250-300 g, 8-10 weeks old) were from
Harlan Laboratory (Indianapolis, IN) and kept in an environmentally controlled room
(temperature: 25 £ 2 °C, humidity: 50 + 5%, 12 h dark-light cycle) for at least 1 week
before the experiments. The rats were fasted overnight before the day of the experiment.

2.3.2. Experimental design—The animal protocols used in this study were approved by
the University of Houston’s Institutional Animal Care and Uses Committee. Rats were
fasted for 12 h with free access to water prior to the pharmacokinetic study. Two groups of
rats were treated as following: i.v. injection of matrine in saline was administrated through
lateral tail vein at dose of 2 mg/kg. An oral gavage of matrine dispersed in oral suspension
vehicle was given to rats at the same dose. After a rat was anesthetized with isoflurane gas,
its tail was snipped near the tip of the tail to allow the collection of blood samples. Blood
samples (100-150 pl) were collected in heparinized tubes at 5, 15, 30, 45, 60, 120, 240, 360,
480, 600 and 1440 min, respectively, after an i.v. administration, or 15, 30, 45, 60, 120, 180,
240, 360, 480, 600 and 1440 min, respectively after an oral administration. The blood
samples were centrifuged at 15,000 rpm for 10 min and the plasma samples obtained were
stored at —20 °C until analysis.

2.3.3. Plasma sample preparation—The plasma (50 pl) was spiked with 10 pl of I.S.
(testosterone, 10 pug/ml). The mixture was then extracted with 200 pl acetonitrile by vortex
for 1 min. After centrifugation at 15,000 rpm for 15 min, the supernatant were transferred to
a new tube and evaporated to dryness under a stream of nitrogen. The residue was
reconstituted in 200 pl of 30% acetonitrile aqueous solution and centrifuged at 15,000 rpm
for 15 min. 10 pl of supernatant was injected into the UPLC-MS/MS system for quantitative
analysis.

2.3.4. Preparation of standard and quality control samples—Stock solution of
matrine was prepared in acetonitrile at a concentration of 2 mg/ml. The stock solution of
testosterone (1.S.) was prepared in acetonitrile at a concentration of 100 ug/ml. Calibration
standard samples for matrine were prepared in blank rat plasma at concentrations of 1.22,
2.44,9.75, 39, 78, 156, 625, 1250, 2500 ng/ml. The quality control (QC) samples were
prepared at low (2.44 ng/ml), medium (78 ng/ml), and high (1250 ng/ml) concentrations in
the same way as the plasma samples for calibration, and QC samples were stored at —20 °C
until analysis.
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2.3.5. Method validation

2.3.5.1. Calibration curve and LLOQ: Calibration curves were prepared according to
Section 2.3.3. The linearity of each calibration curve was determined by plotting the peak
area ratio of matrine to I.S. in rat plasma. 1/y2 least-squares linear regression method was
used to determine the slope, intercept and correlation coefficient of linear regression
equation. The lower limit of quantification (LLOQ) was determined based on the signal-to
noise ratio of 10:1.

2.3.5.2. Precision and accuracy: The “Intra-day” and “Inter-day” precision and accuracy of
the method were determined with three different concentrations QC samples on the same
day or on three different days.

2.3.5.3. Extraction recovery and matrix effect: The extraction recovery of matrine was
determined by comparing (a) the peak areas obtained from blank plasma spiked with
analytes before the extraction with (b) those from samples to which analytes were added
after the extraction. Matrix effect was assayed to compare () the peak areas of blank plasma
extracts spikes with analytes with (b) those of the standard solutions dried and reconstituted
with mobile phase.

2.3.5.4. Stability: Short-term (25 °C for 4 h), long-term (—20 °C for 14 days) and three
freeze-thaw cycle stabilities were determined.

2.3.6. Data analysis—WinNonlin 3.3 was used for pharmacokinetic analysis of the
matrine concentrations. The noncompartmental approach was applied for analysis of the
data following i.v. and oral administration of matrine.

2.4. Caco-2 cell model

2.4.1. Cell culture—Caco-2 transport study has been routinely done by our lab for almost
two decades. The culture conditions for growing Caco-2 cells had been described previously
[9,10]. To seed the cells, we used 3 um porous polycarbonate cell culture inserts from Nunc
(distributed by VWR International), which has a surface area of 4.2 cm?. The seeding
density (60,000 cells/cm?2), growth media (Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum), and quality control criteria were all
implemented according to previous published reports [9,10]. Caco-2 TC7 cells were fed
every other day, and cell monolayers were ready for experiments from 19 to 22 days
postseeding.

2.4.2. Transport experiments in the Caco-2 cell culture model—Experiments in
triplicate were performed in HBSS [9,10]. The protocol for performing cell culture
experiments was the same as described previously [10]. Briefly, the cell monolayers were
washed three times with HBSS at 37 °C. The transepithelial electrical resistance values were
measured and those with transepithelial electrical resistance values less than 420 Q/cm?
difference compared with the blank were discarded. The monolayers were incubated with
the HBSS buffer for 1 h, and the incubation medium was then aspirated. Afterwards, 2.5 ml
of matrine solution (of appropriate concentration) in HBSS was loaded onto the apical side
and 2.5 ml blank HBSS solution onto the basolateral side. Five sequential samples (0.5 ml)
were taken at different times (0, 30, 60, 90, 120 min) from the apical and basolateral sides.
The same volume of donor solution (matrine solution) and receiver medium (HBSS
solution) was replaced after each sampling. 50 pl of internal standard solution (10 uM
testosterone in 100% acetonitrile) was immediately added to 200 ul of samples to stabilize
them until analysis. The mixture was centrifuged at 15,000 rpm for 10 min, and the
supernatant was analyzed by UPLC-MS/MS.
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2.4.3. Data analysis in the Caco-2 cell culture model—The apparent unidirectional
permeability was obtained according to the following equation (Eq. (1)):

B,
——P
SC WP (1)

where B; is the apparent appearance rate of drug molecules in the receiver side, S is the
surface area of the monolayer (4.2 cm?2), and C is the starting concentration in the donor
side. Rate of transport (B;) was obtained using rate of change in concentration of transported
matrine as a function of time and volume of the sampling chamber (V) (Eg. (2)).

—V=B
dr ! %)

2.5. In situ four segments rat intestinal perfusion model

2.5.1. Animals—Male Sprague—Dawley rats of similar age and weight as those used in the
pharmacokinetics studies were obtained from Harlan Laboratory.

2.5.2. Animals surgery—The perfusion protocol was approved by University of
Houston’s Institutional Animal Care and Uses Committee. The intestinal surgical procedures
were described in many of our previous publications [11-13]. Four segments of intestine,
duodenum, jejunum, ileum, and colon (8-12 cm for each of them) were simultaneously
cannulated and a bile duct cannulation was added with no disruption of circulation to the
liver and intestine. The perfusion was performed by an infusion pump (Model PHD 2000;
Harvard Apparatus, Cambridge, MA) at a flow rate of 0.191 ml/min with 10 uM matrine in
pH 7.4 HBSS iso-osmotic solution. To keep the temperature of the perfusate constant, the
inlet cannulate was insulated and kept warm by a 37 °C circulating water bath.

2.5.3. Transport experiments in perfused rat intestinal model—A single-pass
perfusions method described previously was used to perfuse four segments of the intestine
(duodenum, upper jejunum, terminal ileum, and colon) [11]. A flow rate of 0.191 ml/min
was used, and after a 30 min washout period with perfusate, four-site perfusates and bile
samples were collected every 30 min (30, 60, 90, 120, 150 min). After perfusion, the length
of the each segment of intestine was measured and each tube containing sample was
weighted as described previously [11]. The perfusate samples were immediately processed
at the same way as the Caco-2 samples were analyzed, and bile samples were diluted (1:20)
with HBSS solution before determination. The outlet concentration of matrine was
determined by UPLC-MS/MS.

2.5.4. Data analysis in the rat intestinal perfusion model—In the intestinal model,
the wall permeability (P,,) was calculated at steady state using the following equations:

_ Pcff
1_Petf/Paq 3)

w

where
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1-Cnh/Co
P —
eff 4G7 4
-1
Py =(A(G)'?) ®)
A=4.5G,+1.065 (6)

In Egs. (4)—(6), Cr, and Cq are outlet and inlet concentrations, respectively; while G, or
Graz number, is the same as previously defined [14].

The Py, values are a much better representation of the intestinal membrane permeability and
compounds with a Py, larger than one are generally well absorbed (=75%) [15].

2.6. Metabolism of matrine in phase | and Il reaction systems

To determine whether matrine is extensively metabolized via CYP or UGT enzymes, rat
liver microsome studies were used.

2.6.1. Rat liver microsomes preparation—Male Rat liver microsomes were prepared
as described previously [16]. The resulting microsomes were suspended in 250 mM sucrose,
separated into microcentrifuge tubes (0.2 ml), and stored at —80 °C until use.

2.6.2. CYP reaction system—The incubation procedures for CYP reaction using liver
microsomes were the same as those published previous by our laboratory [17,18]. The
conditions were as follows: (1) mix microsomes (final concentration ~ 0.36 mg protein/ml),
NADP (2.61 mM), 6-DP (6.6 mM), MgCI2 (6.6 mM), 10 uM matrine in a 50 mM potassium
phosphate buffer (pH 7.4), and 6-DPD in 5 mM sodium citrate solution (40 U/ml, add last);
(2) incubate the mixture (final volume = 200 pl) at 37 °C for 1 h; (3) end the reaction with
the addition of 50 pl rutin (as the internal standard) solution in acetonitrile. The samples
were vortexed for 30 s, centrifuged at 15,000 rpm for 10 min, and 10 pl of supernatant was
injected into UPLC-MS/MS system for analysis (see Section 2.2). EMS (enhanced mass
spectrometer) mode was used to search for possible CYP metabolites of matrine. Positive
control experiment was done by determining the concentrations of 6p-hydroxytestosterone
and testosterone after 10 uM testosterone was incubated in the same conditions.

2.6.3. UGT reaction system—The incubation procedures for UGT (UDP-
glucuronosyltransferases) reaction using liver microsomes were the same as those published
previous by our laboratory [16,19]. The conditions were as follows: (1) mix microsomes
(final concentration ~ 0.36 mg protein/ml), magnesium chloride (0.88 mM), saccharolactone
(4.4 mM), alamethicin (0.022 mg/ml), 10 uM matrine in a 50 mM potassium phosphate
buffer (pH 7.4), and UDPGA (3.5 mM, add last); (2) incubate the mixture (final volume =
200 pl) at 37 °C for 1 h; (3) end the reaction with the addition of 50 pl rutin (as the internal
standard) solution in acetonitrile. The samples were vortexed for 30 s, centrifuged at 15,000
rpm for 10 min, and 10 pl of supernatant was injected into UPLC-MS/MS system for
analysis (see Section 2.2). EMS mode was used to search for possible UGT metabolites of
matrine. Positive control experiment was done by determining the concentrations of
genistein and genistein 7-O-glucuronide after 10 uM genistein was incubated under the same
conditions.
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2.7. Statistical analysis

The data in this paper were presented as means = RSD, if not specified otherwise.
Significance differences were assessed by using unpaired Student’s t-test. A P value of
<0.05 was considered as statistically significant.

3. Results and discussion

3.1. Chromatography and mass spectrometry

A specific, reliable and sensitive method to determine matrine concentration had been
established. The LLOQ of this UPLC-MS/MS method was 0.305 ng/ml, which was more
than 10 times lower than the published method by Zhang et al. [6,20]. In that paper,
isopropanol: ethyl acetate (5: 95) was used to extract human plasma sample and LLOQ was
determined to be 5 ng/ml [8]. In this study, acetonitrile was used to precipitate rat plasma
protein directly, which improved recovery. The matrix effect observed in Zhang et al.’s
paper when using acetonitrile to extract samples was not observed in this study. This
difference may be due to the use of UPLC in our method or different plasma or both. This
newly established method enabled us to determine the concentration of matrine in vivo after
administration of a low dose of matrine, which is moderately toxic. Typical chromatograms
of spiked matrine in rat plasma sample and blank microsome samples are shown in Fig. 2a
and b, respectively. Typical chromatograms of spiked testosterone, 63-hydroxytestosterone
and genistein, genistein 7-O-glucuronide in blank microsome samples are shown in Fig. 2c
and d, respectively. There were no significant interference substances observed at the
retention time of matrine in plasma or microsome samples. This method also afforded us to
determine matrine concentration in Caco-2 cell medium, rat intestine perfusate and bile
samples.

3.2. Linearity, precision and accuracy, recovery, matrix effect, stability

Considering that plasma is the most complex matrix among all the samples (Caco-2
medium, intestine perfusate and bile) collected from various studies, the method validation
was conducted in rat plasma. The standard curves for matrine in plasma was linear in the
concentration range of 0.61-2500 ng/ml with correlation coefficient values >0.997 (the
weight is 1/x2). The lower limit of quantification (LLOQ) was 0.305 ng/ml, defined as a
signal-to-noise ratio of >10. The standard curve for matrine in other matrix were all linear in
the concentration range of 0.61-2500 ng/ml with correlation coefficient values >0.99 (the
weight is 1/x2).

Intra-day and Inter-day precision and accuracy were determined by measuring six replicates
of QC samples at three concentration levels in rat plasma. The precision and accuracy are
shown in Table 2. These results demonstrated that the precision and accuracy values were
well within the 15% acceptance range.

The mean extraction recoveries determined using three replicates of QC samples at three
concentration levels in rat plasma were found 74.2 £ 5.9%, 74.8 £ 2.1%, and 77.2 + 2.4%
for 2.44, 78 and 1250 ng/ml, respectively.

As for ionization, the peak areas of matrine after spiking evaporated plasma samples at three
concentration levels were comparable to similarly prepared aqueous standard solutions
(ranged from 93.8% to 109.2%), suggesting that there was no measurable matrix effect that
interfered with matrine determination in rat plasma. Rat intestine perfusate and Caco-2
medium had no significant matrix effect after comparing the standard curve of these two
matrixes with their respective aqueous samples. Bile sample was diluted 20 times with
mobile phase before analysis, and matrix effect appeared to be minimal.
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The stability of matrine in plasma and HBSS medium were evaluated by analyzing three
replicates of quality control samples containing 2.44, 78 and 1250 ng/ml matrine after short-
term storage (25 °C, 4 h), long-term cold storage (=20 °C, 14 days) and within three freeze-
thaw cycles. All the samples displayed 90-110% recoveries after various stability tests,
which were similar to those reports previously [6,20].

Taken together, the above results showed that a sensitive, reproducible, and robust method
for the analysis of matrine in multiple sample matrixes has been developed, and validated
for us in the analysis of matrine in blood, bile, and Caco-2 transport media.

3.3. Pharmacokinetic studies

The validated analytical method was first employed to study the pharmacokinetic behaviors
of matrine in rat. The mean plasma concentration-time curves of matrine after i.v. and p.o.
administration are presented in Fig. 3.

Matrine pharmacokinetic parameters were calculated by the noncompartmental method,
using WinNonlin 3.3 (Pharsight Corporation, Mountain View, California). The fitted
pharmacokinetic parameters are shown in Table 3. The oral bioavailability was calculated by
using AUC,5/dose divided by AUC;,/dose.

After 2 mg/kg intravenous bolus injection, matrine concentration reached a maximum of
2412 + 362 ng/ml and then declined rapidly. After oral administration of the same dose,
matrine was readily absorbed and reached Cyax 92.4 £ 77.7 ng/ml at approximately 105 min
(Fig. 3). These Crax and Trnax Values (following oral adminstration) were not significantly
different from those reported by Wu et al. and Zhang et al. after we accounted for the
differences in dose [6,7]. Wu et al. performed a pharmacokinetic study of pure matrine in rat
after oral dose of 40 mg/kg, the Cpax Was approximately 3900 ng/ml and Ty, Was
approximately 50 min [7]. Zhang, et al. published a pharmacokinetic study of matrine in rats
after oral administration of Sophora flavescens Ait extraction (0.56 g/kg). The Cax Was
2529 ng/ml and Typax Was 2.08 h [6].

The absolute bioavailability of matrine by oral route was only 17.1 + 5.4% (Fig. 3). Since
this is the first paper to determine matrine’s absolute oral bioavailability in any species, no
comparison was possible even though there were several papers publishing matrine
pharmacokinetic studies in rats [6,7], beagle dogs [21] and humans [22]. On the other hand,
Wu et al. found that approximatly 44% of matrine was absorbed by using a deconvolution
method in a rat oral pharmacokinetic study at the dose of 40 mg/kg [7].

Because the current pharmacokinetic study suggested that matrine’s bioavailability is
signficantly less than 44%, several possible reasons for its poor bioavailability were
examined. One reason was that matrine could be accumulated in liver after oral
administration especially after low oral dose. Gao et al. showed that matrine had a high
tissue distribution in liver after oral administration (plasma:liver = 1:5) [1]. Another possible
reason was that lower dose we used (2 mg/kg) may cause low bioavailability due to non-
linear dose response. Lastly, matrine may have undergone first-pass metabolism in vivo.

We observed a relatively short ty, (2.3 and 1.5 h for i.v and oral dose respectively) in our
pharmacokinetics result, although the difference between oral and iv administration was not
significant (Fig. 3). The reported ty, of matrine from Wu et al. was 100-120 min [7],
consistent with the current studies. But ti, of matrine was much longer in the report of Zhang
etal. (9.75 h) [6]. The explanation was that pure matrine was given to rats in this study
while an herb extract from Sophora flavescens Ait was given to rats in the study by Zhang et
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al. [6]. Oxymatrine is a major constituent in Sophora flavescens Ait extract and can be
metabolized to matrine in vivo [6,21].

3.4. Transport of matrine across Caco-2 cell monolayer

The Caco-2 cell culture model is recognized by FDA as a useful model system to classify a
compound’s absorption characteristics [9,10,16,23]. Caco-2 transport model was used to
estimate the absorption characteristics of matrine using the same analytical method.
Transport of 10 uM matrine from apical side to basolateral side (A-B) was firstly studied in
the Caco-2 cell model at pH 7.4. The results showed that matrine had a high absorptive
permeability (P = 42.5 x 107 cm/s >107° cm/s). This permeability did not change when the
concentration was lowered to 1 uM (not shown). The permeability was decreased
approximately 50% when pH was decreased to pH 6 but did not increase when pH was
raised to pH 8 (Fig. 4).

3.5. Regional absorption of matrine in the rat intestinal perfusion model

Rat intestinal perfusion model, an in situ model with intact circulation, is suitable to study
regional intestinal absorption [11-13]. Therefore, rat intestinal perfusion model was used to
investigate matrine absorption in situ because the perfusion model could more accurately
reflect matrine absorption in rats [9,16]. The results showed that there were significant
difference in the amounts of matrine absorbed in four segments of the intestine (Fig. 5). The
amounts of matrine absorbed in ileum (34%, P,, = 6.18) and colon (21%, P, = 2.07) were
significantly higher (P < 0.01) than that in duodenum (12%, P,, = 0.61) and jejunum (7.8%,
Pw = 0.52). The results showed that matrine had the highest permeability in ileum segment
and lowest permeability in the jejunum segment.

The amounts of matrine measured in bile sample were shown in Fig. 6. Based on an average
of 0.5 ml per sample, the amount excreted was 0.5 nmol. The average amount absorbed from
the intestine (all four segments added together) was about 45 nmol per 30 min. The amounts
found in bile was about 1% of the absorbed amount, which is pretty small in comparison to
dose absorbed.

3.6. Metabolism of matrine in CYP and UGT reaction systems

In vitro metabolism could be used to determine whether matrine went through extensive
first-pass metabolism in liver after oral administration. The results of matrine metabolism in
rat liver microsomes studies showed that matrine could not be metabolized by CYP450 and
UGT enzymes (Fig. 7), even though two positive control experiments showed that 10 uM
testosterone (CYP control) and genistein (UGT control) had been thoroughly metabolized in
the appropriate reaction systems (Fig. 7). Two positive controls, testosterone and genistein,
were used in liver microsome study because they are well known substrates for CYP and
UGT reaction, respectively [9,24]. These results suggested that matrine could not be
extensively metabolized by CYP and UGT enzymes, which are two of the most common
metabolism pathways. A review of data in literature showed that no metabolites of matrine
were found in two previous studies [1,7], and this was consistent with our result.

3.7. Solubility

Matrine is water soluble and it was completely dissolved in saline and oral suspension
vehicle (>2 mg/ml). The determination of matrine in i.v dose and oral dose demonstrated
that matrine were stable and uniform in saline and oral suspension vehicle for 3 months at
—20 °C (data not shown). Therefore, this low bioavailability of matrine was not caused by
its poor solubility.
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4. Conclusion

A rapid, sensitive and specific UPLC-MS/MS method had been developed and successfully
applied for analyzing matrine in aqueous media, rat intestine perfusate, rat bile, rat
microsome, and plasma samples. The precision, extraction recovery, matrix effect and
stability of this method had been validated. This is the first time that bioavailability of
matrine after oral administration in rat is determined (17.1%). This is also the first paper to
systematically characterize biopharmaceutical properties of matrine in Caco-2 transport
model, in situ rat intestine perfusion model and rat microsomal model, which demonstrated
the robustness of the current analytical method.
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Fig. 1.
The structure of matrine.
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Sample chromatograms of different analytes in current UPLC system with MS/MS
detection. (a) A blank plasma sample spiked with matrine (2500 ng/ml) and testosterone
(500 ng/ml). (b) A blank microsome sample spiked with matrine (10 uM) and rutin (0.5
uM). (c) A blank microsome sample spiked with rutin (0.5 uM), 6p-hydroxytestosterone (1
uM) and testosterone (0.1 pM). (d) A blank microsome sample spiked with rutin (0.5 uM),
genistein 7-O-glucuronide (1 pM) and genistein (0.1 pM).
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Plasma concentration—time curves of matrine after i.v. and p.o. administration of matrine (2
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which is an approximate value since not all samples contained quantifiable matrine.
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Fig. 4.

Effect of different pH on transport of matrine across Caco-2 cell monolayer. Each data point
is the average of three determinations and the error bar is the standard deviation of the mean.
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Fig. 5.
Amounts of matrine absorbed in a four-site rat intestinal perfusion model (n = 3). Each bar is
the average of three determinations and the error bar is the standard deviation of the mean.
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Concentrations of matrine in bile sample in a four-site rat intestinal perfusion model (n = 3).
The average volume of bile is 0.5 ml every 30 min, which means that at steady state
conditione, a bile concentration of 1 uM will be equivalent to 0.5 nmol/30 min.
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Chromatograms of various CYP and UGT reaction substrates before and after incubation
with rat liver microsomes for 1 h. The detector used was MS/MS and the methods were
described in details in the Method section. () MRM chromatograms of testosterone after 1 h
incubation in a CYP reaction system lacking NADPH (negative control); (b) MRM
chromatograms of testosterone after 1 h incubation in a CYP reaction system; (c) MRM
chromatograms of matrine after 1 h incubation in a CYP reaction system lacking NADPH
(negative control); (d) MRM chromatograms of matrine after 1 h incubation ina CYP
reaction system; (¢) MRM chromatograms of genistein after 1 h incubation ina UGT
reaction system lacking UDP-GA (negative control); (f) MRM chromatograms of genistein
after 1 h incubation in a UGT reaction system; (g) MRM chromatograms of matrine after 1 h
incubation in a UGT reaction system lacking UDP-GA (negative control); (h) MRM
chromatograms of matrine after 1 h incubation in a UGT reaction system.

J Pharm Biomed Anal. Author manuscript; available in PMC 2011 April 6.



Page 19

Yang etal.

'sIsA[eue SIN/SIN=-D1dN 10J 8pow YA Ul Spunodwiod Jay1o pue auliew Joj siajaweed juspuadap punodwo)

NIH-PA Author Manuscript

- 65— Te— 05— 00T  00€ 609 unny
e o%— ye- oe- 00T 692 Gyy  9pIuoINaN|B-0-L uIRIsIueD
e— o¥- 22— 08— 00T €T 692 ugsIuaD
v 81 9 6€ 00T 692 S0e 8U0181501581AX0IPAY-d9
v 8z L€ 0€ 00T  €0€ 119 unny
z €€ 0z 09 00T 16 682 8U0J31S0IS3 L
14 6 €z 9 00T 8¥T 67¢ auLlen
Ndxd (NI (NdaD (Ada  (sw)swnema (n)ssewed (N) ssew 1O aKhfeuy

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2011 April 6.



Page 20

Yang etal.

NIH-PA Author Manuscript

1T°L 99701 €8y  8610T 0S¢t
€€  80°€0T Qv oot 08L  dullEeN
€T’L 97,68 68'c VI'16 e

(9% ‘AD) uoisioald (9% ‘seiq) Aoeanddy (95 ‘AD) uoisioald (9% ‘selq) Aoeandoy

(9 = u) Aep-aa1u] (9 =u) Aep-enu|  (Jw/Bu) uonenusouod  shjeuy

'sisAeue SIAI/SIN—D1dN JO 8pow HIA Ul suLilew o) Aoeinade pue uolisioaid Aep-isiu| pue Aep-enu|

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

J Pharm Biomed Anal. Author manuscript; available in PMC 2011 April 6.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Yang etal.

Table 3

Pharmacokinetic parameters of matrine in rat plasma (n = 4) after i.v. and oral administration of matrine.

Parameter iv. p.o.
Cmax (ng/ml) - 94.6 + 38.6
Tmax (Min) - 105+ 30

AUC_ (min ng/ml) 108,637 + 11,801 18,453 + 5885
AUCy_ (Mminng/ml) 108,794 £ 11,712 18,593 + 5931

ty, (min) 142 +79 92432

Ke (1/min) 0.0060 +0.0030  0.0081 + 0.0023
V (ml/kg) 3704 + 1874 2433 + 1668
CL (ml/min/kg) 18.6+2.0 19.7+55
Bioavailability (%) - 17.1+54
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